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ABSTRACT

The current technology for a 12090G0 horsepower liquid oxygen/liquid hydrogen

gas generator that was successfully designed and tested for the M_l Engine Program

is summarized in this report° Nominal gas generator operating conditions for the

8o125-ino diameter and 20-ino long chamber were: 1145 psia chamber pressure_ llOo4

lbm/sec flowrate9 and 0o80 mixtur_ ratio° A successful coaxial injector design

achieved 98% of theoretical combustion efficiency° Local gas temperature at the

chamber exit varied from 900°F to 1300°Fo Limited test data with unbaffled injec-

tors indicated injection velocity ratios (fuel injection velocity/oxidizer injection

velocity) of approximately lO might suppress high frequency combustion instabilityo

Low frequency combustion oscillations_ which occurred with a low amplitude during

the turbopump development tests with gas generator drive9 are also discussed in this

reporto

iii





TABLEOF CONTENTS

Is

lie

III o

SUMMARY

INTRODUCTION

TECHNICAL DISCUSSION

A. LARGE THRUST PER ELEMENT GAS GENERATOR ASS_BLY

B_ MULTI®ORIFICE GAS GENERATOR ASSEMBLY

C. COAXIAL GAS GENERATOR ASSEMBLY DESIGN

D° COAXIAL GAS GENERATOR PERFORMANCE AND COMBUSTION

GAS TEMPERATURE DISTRIBUTION

E o HIGH FREQUENCY AND LOW FREQUENCY COMBUSTION

STABILITY OF M-1 GAS GENERATOR ASSEMBLIES

CONCLUSIONS

RECOMMENDATIONS

Pa_za

1

2

5

5

8

12

28

42

69

70

BIBLIOGRAPHY 72

iv





NOo

I

II

III

IV

LIST OFTABLES

Titl____e

Large=Thrust_per-Element Gas Generator Assembly Test Results

Nomenclature and Symbols

Coaxial Gas Generator Performance

Gas Generator Single Injection Element Chugging Data

9

27

30

6o

1

2

3

4

5

6

7

8

9

lO

ll

LIST OF FIGURES

Title

Serial Number 013 Large=Thrust-per_Element Gas Generator Assembly

Injector Face9 Pre_Test Run Noo lo2®02_EHG_Oll

Serial Number 013 Large-Thrust-per-Element Gas Generator Assembly

Injector Face9 Post_Test Run Noo lo2_02-EHG=Oll

Serial Number 003 Multi=Orifice Gas Generator Assembly Injector

Face_ Post_Test Run Noo 1o2_02=_G_009

Serial Number 004 Multi_Orifice Gas Generator Assembly Injector

Face_ Post_Test Run No_ lo2_02_EHG_O05

Serial Number 007 Multi_Orifice Gas Generator Assembly Injector

FacegRost_Test Run No° lo2=02_EHG_O16

Serial Number O04A Multi=Orifice Gas Generator Assembly. Injector

FaceoPost_Test Run No° lo2_03=EHG_O07

Coaxial Gas Generator Schematic

Gas Generator Coaxial Injection Elements (2 Sheets)

Serial Number 015 Coaxial Gas Generator Assembly Injector Face

Serial Number 017 Coaxial Gas Generator Assembly Injector Face

with Acoustical Liner Installed_ Post_Test Run Noo lo2_04_EHG_OO1

Serial Number O17A Coaxial Gas Generator Assembly Injector Face_

Post_Test Run No° lo2_04_EHG_OIO

6

7

lO

ll

13

14

15

16

18

19

2O

V





Noo

12

13

14

15

16

17

18

19

20

21

22

23

24

25

LIST OF FIGURES (Cont _d)

Title

Serial Number 018 Coaxial Gas Generator Assembly Injector

Face, Post=Test Run Noo I_2=04=EHG_O07

Serial Number 020 Coaxial Gas Generator Assembly Injector

Face with Acoustical Liner Installed

Typical Injector Face Patterns (Serial Numbers 0229 0259 and 026)

Gas Generator Chamber Film Temperature Versus Axial Length

of Chamber (Typical)

Gas Generator Development Test Schematic and Instrumentation

Gas Generator Chamber Pressure Versus Axial Length

of Chamber (Typical)

Mean Combustion GaB Exit Temperature Versus Gas Generator

Mixture Ratio ooSerial Number 022 Type Gas Generator Assembly

Combustion Efficiency of Serial Number 022 Gas Generator

Assembly Versus Mixture Ratio and Chamber Pressure

Typical Gas Generator Assembly Exit Temperature Distribution

Typical Radial Combustion Gas Temperature Distributions
Downstream of Serial Number 022 Type Gas Generator Assembly

Fuel, Turbopump Development Test Schematic with Gas
Generator Drive

Estimated M=l Gas Generator High Frequency Combustion

Instability Zones

Injector F_nifold and Gas Generator Chamber Pressure Versus
Time for Test No_ lo2-03_EHG=O03 with Serial Number 007
Multi=Orifice Gas Generator Assembly (0ver_all Test)

Injector Manifold and Gas Generator Chamber Pressure Versus
Time for Test No_ lo2=03,=EEG=O06 with Serial Number 015

Coaxial Gas Generator Assembly (Over_all Test)

21

22

23

29

32

33

34

37

38

39

41

44

48

5o

vi





26

27

28

29

3O

31

32

33

LIST OF FIGURES (Cont_d)

Title

i?ressures_ Injection Velocities_ and Velocity Ratio at

Spontaneous Initiation of High Frequency Combustion

instability of Serial Number O15 Coaxial Gas Generator

Assembly During Test Noo lo2_03-EHG_O06 (Typical)

Pressures_ Injection VelociL!_s9 and Velocity Ratio at

Spontaneous Termination of HiO_ Frequency Combustion

Instability of Serial Number Ol_ Coaxial Gas Generator

Assembly During Test Noo Io2=O3_U_G=O06 (Typical)

Injector Manifold and Gas Generator Chamber Pressure
Versus Time for Test Noo lo2_03_EH_=O07 with Serial

Number OO4A Multi_Orifice Gas Generator Assembly

(Over_all Test)

InjecI_or Manifold and Gas Generator Chamber Pressure
Versus Time for Test Noo lo2_04_EHG=Oll with Serial

Number 020 Coaxial Gas Generator Assembly (Over=all Test)

Fuel Injector _nifold Temperature and Injection Velocity

Ratio Effect on High Frequency Combustion Instability

Injection Velocity Ratio Effect on Gas Generator Single

Injection Element Chugging

Oxidizer Injection Velocity Effect on Gas Generator

Single Injection Element Chugging

Oxidizer Injector Pressure Drop Effect on Gas Generator

Single Injection Element Chugging

52

55

56

58

61

62

63

vii





I. SUMMARY

The M-1 gas generator development program was initiated to provide a source
of high pressure9 homogeneouscombustion gases to drive the fuel and oxidizer turbo=
pumpturbines during the operation of the M_l engine. Both the fuel and oxidizer
turbines were to be driven in series with a single gas generator. The fuel turbine
was designed to deliver 90,000 hp and the oxidizer turbine 27,OOOhp. The turbines
drive their respective fuel and oxidizer pumpswhich9 in turn, supply high pressure
liquid hydrogen and liquid oxygen to the engine thrust chamberassembly as well as
to the gas generator.

To achieve the turbine horsepower requirements9 the gas generator wasnominally
designed for llO.4 lbm/sec total propellant flowrate at a mixture ratio of 0.8 to
supply lOOO°Fcombustion gases. Gas generator chamberpressures (Pc) were recorded
from 750 to 1145 psia. Peripheral tests were conducted for mixture ratio excursions
from 0.6 to 1.Oat steady-state conditions. Approximately 98%of theoretical com-
bustion efficiency was achieved with the final coaxial injector design based upon
characteristic exhaust velocity calculations. Typical combustion gas exit tempera_
tures measuredat the gas generator outlet ranged from 900 to 1300°F at nominal mix_
ture ratio.

A coaxial injection element injector design with a cylindrical fuel film=
cooled combustion chamber proved to be successful and was selected as the prototype
gas generator from three basic injector concepts. Other concepts evaluated were the

multi-orifice type injector and a pentad, large-thrust-per=element injector design.

Severe injector face and combustion chamberwall erosion occurred during the
initial test of the large-thrust-per_element injector concept. Although design
modifications could have solved the gas generator erosion problem9 no further de=
velopment was attempted because of the long combustor mixing length that would have
been required to achieve homogeneousgas temperature in front of the turbine inlet.

Minor injector face erosion occurred with all pattern variations of the multi-
orifice injector design. Of the multi-orifice injector patterns tested, the uni=
formly spaced, like-on-like impinging doublet with radially aligned fuel=ooxidizer=
fuel impingement fans encountered the least face erosion. It was indicated from
work with the J-2 and RL=lO thrust chambersas well as with various NASALewis Re_
search Center injectors that favorable combustion performance and stability was
being obtained with coaxial injection element designs for the liquid oxygen/liquid
hydrogen propellant combination. Therefore, it was assumedthat a coaxial gas gen-
erator could be developed in less time and at lower cost_ and further development
effort with the multi-orifice designs was terminated°

During gas generator development tests of unbaffled injector designs_ t_ugen=
tial modesof high frequency combustion instability occurred in four tests. Twoof
these tests were with multi_orifice injectors and the remaining two tests were with
serial numbers 015 and 020 coaxial injector gas generator assemblies. High frequency
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combustion instability spontaneously occurred in all four tests during the start
transient when the injection velocity ratio (fuel injection velocity/oxidizer
injection velocity) was less than four° Because of a shift in the test conditions
during all four unstable, unbaffled injector tests_ the injection velocity ratio
exceeded the normal steady_state values° Whenthe injection velocity ratio ex-
ceededapproximately 9 in the three tests with the first tangential modeand when
it exceeded 5_7 in the test with the second tangential mode, the high frequency
combustion instability was spontaneously suppressed during all four tests. There-
after, combustion continued with only the normal combustion noise until the end of
the tests° Based upon observations during these four unbaffled injector tests, it
was suspected that a correlation existed between injection velocity ratios and the
occurrence or disappearance of high frequency combustion instability_ The stabi-
lizing effect of injection velocity ratio appears to be primarily caused by liquid
phase mixing and liquid oxygen droplet vaporization phenomena_ Liquid oxygen com_
bustion dynamics are suspected of being the primary cause of high frequency com_
bustion instability°

Several coaxial injection gas generator element designs_ one of which was sel-
ected for the prototype gas generator, were evaluated by using a single element
injector test apparatus° Several element designs with nominal injection velocity
ratios from 15 to 20 were rejected because of their severe chugging characteristics°
A nominal velocity ratio of lO was selected for the prototype gas generator assem_
blieso This lower value was achieved by decreasing the oxidizer injection area to
obtain a higher oxidizer injection velocity_ thus resulting in a lower fuel/oxidizer
velocity ratio°

Throughout the initial gas generator development test series, excellent low
frequency combustion stability characteristics were demonstrated by the prototype
coaxial gas generator assembly° The measuredinjector pressure drops of 215 psia
and 240 psia for the fuel and oxidizer9 respectively_ were obtained during nominal
gas generator operation° Whenthe gas generator exhaust duct downstreamof the
sonic gas generator stabilizing nozzle was replaced with the turbopump turbine in-
let test manifold, attempts were madeto maintain all other test facility and hard_
ware systems intact and follow earlier successfully demonstrated test procedures°
However_whenthe turbopump development test series with gas generator drive was
initiated, a persistent low frequency combustion oscillation phenomenawas exper-
iencedo However, the steady_state amplitude of the oscillations (_ 30 psi at 1145
Pc' 120 cps) were not detrimental to turbopump operation° Seven oxidizer turbopump
and two fuel turbopump development tests were conducted with gas generator drive°
The nature and o_igin of low frequency combustion oscillations is not yet fully
understood°

II_ INTRODUCTION

The development of the M_l gas generator assembly for the M_l Engine Program

is delineated in this report° Development testing of the M=l gas generator assembly

was conducted at the Aerojet_General Corpo_ Sacramento_ California during the period
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May 1963 to December1965 for the NASALewis Research Center_ Cleveland_ Ohio under
Contract NAS3-2555°

Someliquid oxygen/liquid hydrogen gas generator test data was available at
Aerojet-General and from the J=2 gas generator but it was largely limited to multi_
orifice type injectQrGo However_a coaxial injection element gas generator had been
tested at NASA/LeRCQ1)ona smaller scale° The NASAgas generator was typical of
most applicable liquid oxygen/liquid hydrogen gas generator designs prior to the
M=l gas generator assembly development effort° It operated a single 1CO0hp turbo-
pumpwhereas a single M_l gas generator assembly operates both a 90_OOOhp fuel
turbopump in series with a 27_O00hp oxidizer tu,rbop_npo The NASAgas generator
assembly total flowrate of 0°890 lbm/sec had to be e:_trapolated to llOo4 lbm/sec to
satisfy M®l gas generator assembly requirements° _e lowest modetransverse com_
bustion instability frequency of the 2oO0_ino diameter NASAgas generator assembly
chamberwas 19_000 cps and baffles were not required° Previously_ the only possible
screeching modesfor gas generators were of the longitudinal variety° The 4500 cps
first tangential combustion instability frequency of the 8.125_ino diameter M=l gas
generator assembly chamberwas experienced, and_.eventually required the use of in=
jector baffles° Hardware erosion maynot ha.re been as severe a problem with prey=
ious gas generators because of their lower chamberpressures and consequently_ their
lower erosive heat fluxes°

The purpose of the gas generator development program was to provide a gas
generator to power the fuel and oxidizer pumpsfor the prototype M_! engine configu=
ration. The initial phase of the program consisted of design_ fabrication_ and
testing of three basic injector concepts with the expectation that the first design
of the three to be successful would be selected, for further refinement° The three
injector concepts were the drilled multi_,orifice9 the large_thrust_per_-_element9 and
coaxial injector designs° The three types of gas generator assemblies were designed9
fabricatedgand tested. Developmentof the large=thrust,_,per,=eleme_t injector was
terminated because of severe injector face and oh.amberwall erosion as well as sig-
nificant thermal striations in the combustion gas stream that resulted from poor
mixing. Developmentof the J_2 and RL=IOinjectors as well as research work being

conducted at NASA/LeRC indicated that satisfactory combustion performance and sta_

bility data were being obtained from liquid oxygen/liquid hydrogen with coaxial in_

jection element injectors° Although both the J_2 _aad RL,_olO were thrust chamber in=

jectors operating at higher mixture ratios_ it was ass_med the coaxial injection

element data would also be applicable to the M=l gas generato_ assemblyo Therefore_

continued testing and development effort was undertaken with the coaxial injector

design only.

Prior to discontinuing the malti,=orifice development effort_ three unbaffled

(1)Sekas_ N. J. and Acker_ Lo Wo_ D_esi_ and Performance of a _d=H dro en Li uid_

Oxygen Gas Generator for Drivinf_.a 1COO=Horsepower Turbine_ NASA TN D=1317_ 1962
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M_l gas generator assembly injectors had experienced high frequency combustion in®
stability_ Two of the injectors were multi-orifice and the other was of a coaxial
type_ It had previously been observed that high frequency combustion instability
was more likely for liquid oxygen/liquid hydrogen a_ low hydrogen injection tempera_
tures_ Onemethod of quantitatively rating the "screech margin" of an injector had
been to conduct tests with successively lower hydrogen injection temperatures until
screeching was encountered° Becausethe M=l engine was being designed fordeep
space applications9 the low hydrogen temperature was unavoidable° The M_l gas
generator assembly operated with 40 to 60°R hydrogen temperature.

During mid-1964 it was disclosed that liquid oxygen/liquid hydrogen injector
research work being performed at NASA/LeRCindicated a possible injection velocity
ratio effect upon screeching° Re-analysis of data from all three unstable9 un_
baffled M-1 gas generator assembly tests upon this samebasis also inferred a like
relationship° Review of the data also indicated that amongother momentaryshifts
in test conditions with these normally low injection velocity ratio injectors, high
frequency combustion instability was spontaneously suppressed whenthe injection
velocity ratio exceeded approximately 1Oo

A critical need existed for an operable gas generator assembly for impending
turbopump development tests and a review of available technological data was con_
ducted in November1964 for all liquid oxygen/liquid hydrogen coaxial injection
elements_ As a result9 the features incorporated into S/N 022 gas generator assem-
bly were a relatively high injection velocity ratio_ baffles9 a counterbored-shower_
head oxidizer element_ oxidizer element recess_ adequate chamberand baffle film
cooling_ a porous faceplate_ improved injector and injection element structural
design° Serial No° 022 gas generator assembly was fabricated and successfully tested
in early February 1965o Excellent performance and combustion stability data were
obtained°

The first test of S/N 022 gas generator assembly with prototype gas generator
valves on the turbopump development test stand resulted in chugging instability
during the start transient° This was caused by low mixture ratio and low oxidizer
A P resulting from the flow characteristic of the new valve° Previous tests were
conducted with interim (modified Titan) valves_ Gaseoushelium augmentation of the
oxidizer system during the start transient eliminated all traces of chugging during
the next three tests by increasing the oxidizer _Po The chugging problem was con_
sidered solved° However_chugging was encoun,tered during subsequent turbopump
development tests even with gaseoushelium augmentation° There are aspects of the
chugging problem that still are not fully understood° No adverse effects to turbo=
pumpdevelopment tests were attributable to gas generator chugging and theturbo_
pumpdevelopment testing was completed°

Someof the problems encountered during the M_l gas generator assembly devel_
opment tests were unique to the gas generator componentdevelopment test conditions°
The primary difference occurred in the propellant pressurization transient with
tank®fed systems as comparedto the transient predicted for the engine with turbo-
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pumppressurization. Differences in development facility feed systems and hot gas
system from the final planned engine configuration must also be expected to result
in differences with engine gas generator performance°

III. TECHNICAL DISCUSSION

A. LARGE-THRUST=PER=ELEMENT GAS GENERATOR ASSEMBLY

The large_thrust_per_element injector consisted of four quadrants of

pentad elements, Each pentad element had an oxidizer orifice in the center with

four impinging fuel jets (see Figure Noo 1)_ The oxidizer stream was directed

axially and each fuel stream impinged at a 30 degree included half=angle. The in_

jector faceplate was made of O_19_ino thick solid plate stainless steel except for

the porous plate disc at the center° The porous plate was transpiration cooled by

hydrogen.

Severe injector face and combustion chamber wall erosion occurred during

the only large-thrust=per_element gas generator test conducted (see Figure No. 2).

The dense, large diameter oxidizer stream did not permit adequate liquid phase mixing

of the propellants prior to combustion and resulted in localized high combustion

mixture ratios.

At a design mixture ratio of 0°809 the M_l gas generator assembly

operates at one=tenth of stoichiometric conditions° Twenty moles of hydrogen and

one mole of oxygen are injected under cryogenic conditions to be combusted. When

initially reacted9 the combustion products yield two moles of water (whose stoichio®

metric reaction temperature exceeds 6000°F) and 18 moles of excess hydrogen. It is

only after the two moles of water and 18 moles of hydrogen reach thermal equilibrium

that the design homogeneous gas temperature of lOO0°F is attained, By concentrating

the total oxidizer flow through only four injection orifices with the large=thrust=

per-element injector design9 the core of each pentad element remains oxidizer=rich

and thus nearly at stoichiometric temperature regardless of the excess hydrogen

around each element.

By injecting the total propellant flowrate through four discrete points

on the injector face9 high mass injection momentum is achieved directly under each

pentad element° However9 there is zero injection momentum on the remainder of the

injector face. When combustion occurred downstream of the injection elements$ local

static pressures in the combustion zone exceeded the static injector face pressures

in the zero injection momentum areas and caused the combustion gas flow to recir-

culate back toward the injector faces The flame recirculation pattern can be de-

termined by closely inspecting its erosive action upon the injector face shown in

Figure No. 2,

The pentad element produces a four=pointed flame pattern with the points

oriented between the fuel injection elements° Sets of three fuel film coolant holes

were drilled at each flame point° Coolant holes drilled adjacent to the chamber
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Figure i

Serial Number013 Large-Thrust-per-Element GasGenerator

Assembly Injector Face, Pre-Test Run No. 1.2-02-_IG-Oll
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Figure 2

Serial l_umber013 Large-Thrust-per-Element das Generator

Assembly Injector Face, Post-Test Run No. 1.2-02-_G-Oll
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wall were effective in protecting the wall against erosion even though the flame
was close to the wallo Fuel coolant flows at points removed from the chamberwall
were dispersed by the flame and were not effective° The severely eroded areas along
the chamberwall occurred along the combustion flame points°

The hydrogen_cooled porous plate disc at the axis of the injector was
free from erosion° It appeared that a porous faceplate injector could be designed
to solve the face erosion problem° Additional fuel film cooling injected alongthe
chamberwall could probably have protected the chamberwall against erosion° However,
combustion gas temperature distribution data9 shownin Table I indicated that ex_
cessive mixing length would have been required to produce homogeneousgas tempera_
tures before entering the turbine° All of the large_thrust-per_element injector
concept development effort was terminated°

B. MULTI-ORIFICEGASGENERATORASSEMBLY

The multi_orifice injector design incorporated alternate fuel (four)
and oxidizer (three) concentric channels machined into the injector bodye Concen®
tric rings were welded over the channels to form the injector faceplateo The rings
were then drilled to provide fuel and oxidizer injection orifices° Prior to develop-
ment of the M_l gas generator assembly_ the bulk of the liquid oxygen/liquid hydrogen
data at gas generator mixture ratios had been obtained with multi_orifice injectors°

Fourteen gas generator tests were conducted with multi-orifice injectors
and moderate success was achieved° Major development problems were high frequency
combustion instability_ which was encountered on two occasions_ and minor injector
faceplate erosion, which occurred with all of the assemblies tested°

Serial No° 003 gas generator assembly injector pattern consisted of al-
ternate channels of showerheadoxidizer orifices and impinging pairs of fu_l ori£ices
(see Figure Noo 3)° Impinging orifice pairs produce a fan of propellant normal to
their line of impingement° Baffles were used to divide the injector into four quads
rants° Faceplate erosion occurred because of combustion gas recirculationo The
worst areas of erosion were around the showerheadoxidizer orifices_ between the
oxidizer and fuel channels_ and in the void areas between fuel injection pairs°

Serial No_004 gas generator assembly utilized a like-on=like injector
pattern with both oxidizer and fuel self-impinging pairs as shown in Figure Noo 4o
Four-bladed injector baffles similar to those used on S/N 0039 were used° The areas
where the least face erosion occurred were where an impinging oxidizer pair was
radially aligned with fuel impinging pairs along both the inner and outer channels°
The baffles were eroded downstreamof the outermost oxidizer channel°

Serial No° 007 gas generator assembly was designed upon the basis of
test results with S/N 004° The four-bladed baffle was eliminated to more effec_
tively utilize the available injector face area and to avoid further baffle erosion
problems° Oxidizer pairs were aligned radially with fuel pairs in adjacent channels°
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TABLE I

LARGE-THRUST-PER-EI_ENT GAS GENERATOR ASSEMBLY TEST RESULTS
[ ] I I I I I I I I I I I I I I 1 111 [ U ..... _ ] ....

Gas Generator Assembly Serial Number:

Injector Type:

Test No.:

Test Duration:

PcGG (3?_-ino from Injector Face):

wtGG:

MRGG:

Comb. Effo, _ :

o13

LT/E, Pentad

1o2-02-EHG-Oll

3°4 sec

755 psia

98°8 lb/sec

0°83

9@%

Hot Gas Temperature Distribution (32-±no from Injector Face):
Angular Location With

Radial Distance Reference ToiOxidizer

Parameter Temperature_ (oF.). From Chamber Axis (in o) Torus Inlet (DeKrees)

TgTS-2A 687 3/4 ll5

TgTS-2B 1621 1/4 135

TgTS-2C 1258 1 1/4 75

TgTS-2D 731 2 1/4 15

TgTS-2E 1185 3 315

TgTS-2F 236 3 3/4 255

NOTE: TgTS-2A: Gas Temperature, Turbine Simulator, Station 2, Position AI etc.
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Figure 3

Serial Number 003 Multi-Orifice das Generator

Assembly Injector Face, Post-Test Run No. 1.2-02-_G-009
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Figure 4

Serial Number004 _lti-0rifice Gas Generator

Assembly Injector Face, Post-Test Run No. 1.2-02-EHG-O05
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The pattern wasmoderately free of face erosion as shownin Figure Noo 5o The
worst erosion occurred in areas void of injection orifices° The voids were con-
ducive to erosion by recirculatory combustion gases° Although the injector pattern
was drilled with six-point symmetry9the face erosion occurred with four-point
symmetry° Furthermore_ the areas where maximumerosion occurred were under the four
oxidizer cross-feed slots to the oxidizer channels° This indicated injector mani_
folding was at least as significant in determining face erosion characteristics as
the injector drill pattern_ Oneinstance of high frequency combustion instability
occurred during the eighth test of this unbaffled injector assemblyo This is dis-
cussed in Section III_Eo

Serial Noo 004 injector was reworked into S/N O04A(Figure No° 6) to
incorporate a finer grid that would minimize void injection areas to reduce face
erosion between injection orifices_ Also_ the baffles were removed° The first
tangential modeof high frequency combustion instability occurred with thi_ injector
pattern° The worst area of face erosion was under the oxidizer channels. The cir-
cumferential erosion pattern is typical of first tangential instability modes° The
combustion stability characteristics are discussed in Section IIIoEo

Although it appeared that a successful multi_orifice gas generator could
be developed9 this effort was discontinued in favor of the coaxial_type injector°
It appeared that a coaxial gas generator could be developed in less time and with

less expenditure. Successful performance and combustion stability data wa_ being

obtained using the liquid oxygen/liquid hydrogen propellant combination With coaxial

injection elements. Some Of the liquid oxygen/liquid hydrogen rocket engines util-

izing the coaxial element were the J=2_ RL_IO_ and various research injectors such
as those at the Lewis Research Center° Most of the development work with coaxial

elements had been accomplished at higher thrust chamber mixture ratioss but it

appeared likely that much of the data would also be applicable at the lower M-1 gas

generator mixture ratio°

Co COAXIAL GAS GENERATOR ASSEMBLY DESIGN

A total df 39 tests were conducted with seven coaxial injection element

gas generator assemblies° Of these tests9 seven oxidizer turbopump assembly tests

and two fuel turbopump assembly tests were conducted with gas generator drive° The

last three assemblies (S/N 0229 0259 and 026) were tested with a common injection

element design because of its successful performance° These same assemblies were

used for the nine turbopump development tests°

A cross=sectional view of the coaxial gas generator injector and chamber

assembly is shown in Figure No° 7° Cross=sections of injection elements tested are

shown in Figure No. 8. Injector faces of these coaxial assemblies are included in

Figures No° 9 through 14o

The earlier versions of coaxial injection element designs incorporated

some type of oxidizer swirler_ Its purpose was to induce vorticity to the liquid
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Figure 5

Serial Number007 Multi-Orifice Gas Generator

Assembly Injector Face, Post-Test Run No. 1.2-02-EHG-O16
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Figure 6

Serial Number 004A Multi-Orifice Gas Generator Assembly Injector

Face, Post-Test Run No. 1.2-03-EHG-007
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Figure 9

Serial Number 015 Coaxial Gas Generator Assembly Injector Face

Page 18



Figure !0

Serial Number017 Coaxial Gas Generator Assembly Injector Face

with Acoustical Liner Installed, Post-Test Run No. lo2-04-_G-001
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Figure ii

Serial Number OI7A Coaxial Gas Generator Assembly

Injector Face, Post-Test Run No. 1.2-04-_J-010
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Figure 12

Serial Number018 Coaxial Gas Generator Assembly

Injector Face, Post-Test Run No. 1.2-O4-_G-O07
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Figure 13

Serial Number020 Coaxial Gas Generator

Assembly Injector Face with Acoustical Liner Installed
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Figure 14

Typical Injector Face Patterns (Serial Numbers022, 025, and 026)
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oxygen so that when injected9 the oxidizer stream would fo_m a spray pattern into
the outer annulus of liquid hydrogen for improved liquid phase mixing prior to com-
bustiono Twotypes of swirlers were tested_ the mechanical swirler and a tangen-
tially drilled orifice cap°

The mechanical swirler consisted of a helically machined plug installed
within the oxidizer element° The oxidizer spray divergence angle, spray droplet
size, and fullness of the oxidizer cone could be influenced by the swirler pitch,
relative swirler flow area_ numberof swirler channels_ swirler distance from the
injector face, and ether lesser variables° Hydraulic flow tests of oxidizerswirler
design variations were conducted at Aerojet_General to assist in selecting swirlers
that produce the desired spray patter_so The second type of swirler (S/N 018) con-
sisted of a tangentially drilled orifice cap° T_e tangential oxidizer injection
velocity created rotational flow through the oxidi_erelement_ forming the spray
pattern wheninjected_

The most successful performance and stability data was obtained from the
last injection element design tested° It did not have any oxidizer swirlers_ In-
stead of using an oxidizer spray pattern to provide better propellant mixing_ high
hydraulic shear stresses were used_ The oxidizer injection velocity was decreased
by counterboring the tip of the showerheadoxidizer injection element° High fuel
injection velocities were maintained to produce high injection velocity ratios
(V_/V). The combustion stability aspects of the high velocity ratio design areI odiscussed in Section III_Eo

Twoconcepts of fuel injection element circuits were tested° The sim-
plest design to fabricate consisted of a porous injector faceplate9 through which
an orifice was drilled9 which formed the outer fuel injection annulus° The inner
fuel annulus was provided by the oxidizer injection element° Fins_ which were an
integral part of the injection element, were used to maintain element concentricity
within the fuel annulus° Later designs used a separate fuel element tip to form the
outer annulus° The separate tip allowed closer control of the fuel annulus areas.
The element tip was screwed onto the oxidizer element body to control concentricity
and the fins were e_iminatedo Elimination of the fins could have reduced the local
hot spots downstreamof each fin location which resulted from local thinning of the
fuel flow streams Inspection of baffle erosion patterns (Figures Nb_ 10_ Nooll_
and No_ 12) indicates that the location of the erosion mayhave been associated with
anadjacent fuel element fin9 although not all fins caused baffle erosion° The de_
crease in baffle erosion that occurred width fuel injection elements with no fins,
could have resulted primarily from improved baffle film cooling°

The porous injector faceplate was chamfered about each element and the
fuel element tip was swagedafter installation of the element on S/N 022, 0259 and
026° This afforded better structural support of the porous faceplate, which was
otherwise a_tached to the injector body only by welding at its inner and outer
periphery.
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The S/N 015 coaxial injection elements were welded to the injector back.

plate as shown in Figure No. 8. The welded element joint was reinforced by furnace
d S/N 017 (and S/N 017A) gas generatorbrazing from the reverse (fuel manlfol ) side on

assembly. The injection elements were brazed to the injector backplates on the re-

maining coaxial gas generator assemblies. Serial No. 022, 025, and 026 injection

element bodies were threaded and a nut was used to attach each to the backplate

prior to brazing.

Thermal erosion design problems are present with all liquid oxygen/

liquid hydrogen gas generators. As discussed in Section III,A, there is a great

disparity between the local stoichiometric reaction zone temperature and homogeneous

combustion gas temperature. The prevention of hardware erosion was one of the pri-

mary design objectives. This is accomplished by attaining gas thermal equilibrium

as rapidly as possible following combustion reaction. The excess unreacted hydrogen

should be used to reduce the local reaction zone temperature below that of the

material melting temperature of the injector hardware prior to impingement of the

gases upon the $_jector surfaces. The erosive heat flux can be approximated from
Bartz' Equation_aJas follows:

Q/A = Hg (Tg - Tw)

0.026 [ 0.8 O.1 0.9
and Hg _ _ 0"2Cp

I  o.6 o. ]
t _

where Q/A = Local Heat Flux, BTU/in.2-sec

2 o
Hg = Gas Side Heat Transfer Coefficient, BTU/in. sec_ F

O_

Tg = Local Gas Temperature, °F

Tw = Local Wall Temperature, °F

= Viscosity, lbm/ft-sec

Cp = Specific Heat, BTU/Ibm-°R

Pr = Prandtl Number

go = Gravitational Conversion Factor, ft-lbm/lbf-sec 2

(2)_rtz, D. R., "A Simple Equation for Rapid Estimation of Rocket Nozzle Cor-

" Journal of the American Rocket Society,rective Heat Transfer Coefficients, , _, . , ,

January 1957.
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rc = Throat Radius of Curvature_ ins

(r = Dimensionless Factor Accounting for Density and Viscosity
Variations Across Boundary layer

(Also see Table II)

Usually, the local gas temperature is the determining factor in the occurrence of
erosiono However_ if the local gas temperature is marginal (only slightly exGeeds
the hardware melting temperature)_ the _eat flux proportionality factor, pcO_,may
becomethe determining factor in theoccurrence of erosion°

The coaxial injection element injector is less likely to encounter
thermal erosion than either the multi_orifice or large-thrust=per_element designs
because of their more uniform ,local mixture ratios° Also_ the fuel injection ,
annulus is placed outermost and the cooling characteristics of the excess hydrogen
are used to the greatest advantage° During _uid oxygen/liquid hydrogen experi-
ments with single coaxial injection elements, p noticeably higher performance was
observed for mixture ratios greater than 3°5 with the oxidizer annulus situated
outermost° Mixture ratios tested ranged from 1o45 to 9o This concept was not used
in testing M_l gas generator assemblies because the slight performance increas_ with
reversed flow at the low mixture ratios did not warrant the greater hazard of facem
plate, element tip_ baffle_ or chamberwall erosion° It was theorized that if the
highly volatile_ higher momentum_higher velocity hydrogen were injected through the
center, it would expand out into the oxidizer annulus forcing combustion to occur in
an oxidizer_rich atmosphere near the injector face with greater recirculatory erosion°

The two primary fabrication problems that occurred early in the develop-
ment program were weld distortion of the hardware and conical seal glands (see
Figure Noo 7) not being fabricated according to the specifications°

Someof the weld distortion problems occurred whenadjacent thick and
thin members,with their different heating and cooling _rabes_werewelded together°
The thin memberscooled and set first, and whenthe heavier more rigid sections
cooled_local yielding and distortion resulted° Welding of instrumentation bosses
on the chamberand injector assemblies were originally troublesome° Most of the
weld problems were minimized by either one or a combination of the following pro_
cedures_

Io Intermittent welding of thick and thin members to allow more

uniform cooling and shrinkage rates°

2° Wherever possible_ all machining was performed after welding°

(3) E ect of Interchan in Pro ellantsHersch, Mo_ olffect _ _terchan in Pro _ on Rocket Combustor Performance

with Coaxial Injection_N_ASA TN D=2169_ 1964
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Page 27



3_ Additional stress relief cycles were performed between

welding operations°

0 Local grindingand fit=up was performed during assembly

whenever distortion was unavoidable°

Three sets of double metallic conical seals were used in the M-1

gas generator assembly° Double conical seals are located at the oxidizer injector

inlet_ fuel injector inlet_ and chamber (hot gas) outlet (see Figure Noo 7)° This

seal designis excellent when properly fabricated_ installed_ and tested° However_

the recommended tolerances for seal glands are very stringent (nominal diameter

OoO02_ino for gas generator glands) and difficult to achieve° The problem was

eventually minimized by performing all welding and stress relief cycles with rough-

machined flanges and performing the conical seal gland machining as the final fabri-

cation operation° One known instance of mating conical seal flanges at the gas

generator chamber outlet being fabricated that did not adhere to specification re_

quirements resulted from the use of dissimilar materials° The male conical seal

gland was machined from a material with a coefficient of thermal expansion that was

approximately 10% higher than that for the female flange° After several firings and

thermal cycles_ including combustion temperature excursions to 1600aF_ the joint

began leaking at ambient temperature_ Inspection Of the mating flanges revealed

that the male seal gland was permanently "toed=in" approximately OoO15_ino on the

diameter and the female seal gland "toed_out" approximately OoO05-ino This distor_

tion was calculated and was apparently the result of the greater rate of thermal

expansion of the male flange with local yielding at the elevated temperatures° This

condition did not occur_ even after repeated firings9 when mean combustion tempera-

tures were maintained below approximately lO00°Fo The chamber fuel film coolant is

still somewhat effective along the length of the chamber_ as shown in Figure No° 15o

Conversely_ it is assumed that if the female flange material had a higher rate of

thermal expansion than the male flange9 the leakage would have occurred during the

test operation period at elevated temperatures_ although possibly not at ambient

conditions°

De COAXIAL GAS GENERATOR PERFORMANCE AND COMBUSTION

GAS TEMPERATURE DISTRIBUTION

Typical values of M_l coaxial gas generator injector performances are

given in Table IIIo The combustion efficiency values sho_n_ for some of the injec_

tors are only approximate figures because there was a lack of adequate steady_state

data with the less successful designs when automatic combustion instability shutdowns

occurred during the start transient° Design of the test facility feed system neces-

sitated that the propellant flowmeters_ used to measure gas generator flowrate_be

situated from 50 to lOO ft upstream of the gas generator assembly° This resulted in

questionable transient flowrate data° The performance data from these tests were

evaluated at the maximum transient chamber pressure° The mean chamber pressure and

flowrates were measured during tests in which chugging occurred°
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Figure 15

GasGenerator ChamberFilm Temperature

Versus Axial Length of Chamber(Typical)
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TABLE III

COAXIAL GAS GENERATOR PKRFOF_ANCE

0_

o

S_ _Elements

r-;ih ;i
o17 68

o18 68

O17A 68

O20 132

022 65

025 65

026 65

No.
Tests

3(1)

I

6

3(I)

i(i)

16

4

5

iTime, Sec c _ Average M.R. Range

4.2 750 to IOOO I 1o8 o. 5 •

2.0 740 ,I 112 O.58

738 to 768 1 II0 0.59 to 0.9184.0

4.4

1.2

121.1

22.4

34.2

_Avg. (2) Oxid. InJ. Fuel Inj. AT Cd
(%) (Ap) Avg. (AP) Avg. Range

I

735 to 788 ! ilO 0,57 to 0.82

664 f 11o 0.84
i

765 to 1153 i 110-115 0.61 to 1.01 {

1104 to 1137! 115-123 0.68 to 0.72

0.76 to 0.78986 to 1159 I 115

88.0

91.9

90.7

i00 120

_5 165

i6o 145

14o 155

265 I 245

240 I 215

240 ! 2i5

240 1 215

91.3

92.8

98.0 + 3.0

97.8

98.6

31.5_
26.2/

31.3

31.3

31.3

30.2

,3]

('22.8 h
k20.3/

.=

20.3

(o.835_
o.7457!

0.833

0.833

0.833

1.0

1.0

1.0

io0

(I) Includes tests automatically terminated during start transient.

(2) c* actual = (PcGG-5C) gc (CdAT_)
_o +$f , where gc = Gravitational Conversion Factor

(3) L* = (Chamber Volm_e)/CdAT

L* (3)

Range

7205_
\278]

207

2o7 I
207

I 180

I L25o,/

i \602

I f _UX

I \260 )



Back pressure for the gas generator development tests was provided by an

interchangeable sonic orifice or nozzle installed in the turbine simulator hot gas

duct (see Figure No. 16)_ A sharp=edge orifice was used for all tests up to and

including S/N O17A° A convergent entrance flow nozzle was used during all sub-

sequent tests° When the sharp-edge orifice was used_ the sonic throat area was

taken at the orifice vena ¢ontractao The Orifice discharge coefficient was based

upon the line-to=orifice contraction diameter ratio and the flow Reynolds number_

The line diameter upstream of the orifice was corrected for boundary layer growth_

The displacement boundary layer was calculated for axisymmetric pipe flow neglecting

the effect of the single right angle bend in the facility gas duct° The gas proper®

ties were based upon assumed homogenous combustion products and no attempt was made

to account for film cooling° The turbulent boundary layer was assumed to start from

the injector face° Further approximations were made that the turbulent boundary

layer grew at the same rate as for a flat plate at zero incidence angle and that the

velocity profile conformed to the one._seventh power lawo The flat plate approxi-

mation near the wall was justified by the relative thinness of the boundary layer

relative to the pipe radiDso

The effect of using PcGG=5c for the chamber plenum pressure value may

not have been exact for calculating C_o Typical static chamber pressure distribution

along the axial length of the gas generator is sho_ in Figure Noo 17o Static pres_

sure readings below 8=ino indicate that the combustion gas Mach Number is probably
constant and combustion is essentially complete° The design chamber Mach Number is

approximately 0.3° Inspection of baffle erosion patterns indicated combustion

probably started approximately 2_ino downstream of the injector face° Therefore,

PcGG-5c is approximately in the middle of the combustion zone° The static pressure

reading at PcGG=5c has to be increased by a finite velocity head to correct for com_

bustion that occurs upstream of PcGG.=5¢o This reading also has to be decreased for

combustion losses that may occur downstream of PcGG=5co When the Mach Number immed-

iately upstream of the sonic nozzle was used to calculate nozzle entrance stagnation

pressure for a few typical tests_ the values corresponded very closely to PcGG®5c

(static)° Thus for simp!icity_ the latter parameter was used in all tests.

'l_nere were no attempts to make other corrections to the ¢* efficiency

calculations° Heat conductive losses to the gas duct were neglected as was thermal

expansions of the throat diameter° The c _ values used in this report are given for

comparative purposes only when identical assumptions were made for identical test

conditions at the same test facility° Although numerous minor corrections were

neglected, if the c* efficiency is taken as the square root of the actual=to®theo=

retical combustion gas temperature_ as shown in Fi_Ire No° 18_ both methods used to

calculate c* indicate approximately 98% of combustion efficiency was achieved with

S/N O22_ 025_ and 026°

When the performance of gas generators S/N O15 through 020 is examined_

there is a data trend indicating improved combustion efficiencies when the number

of coaxial injection elements per injector is increased (decreased thrust per

element). However_ because of the few tests i_volved as well as the lack of
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Figure 17

_as Generator Chamber Pressure Versus

Axial Length of Chamber (Typical)
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0

Figure 18

Mean Combustion Gas Exit Temperature Versus Gas Generator

Mixture Ratio - Serial Number 022 Type Gas Generator Assembly
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sufficient steady_state data (except for S/N 018 gas generator assembly)_ the results

are not conclusive°

Serial Noo 015 was the first M_l coaxial gas generator assembly tested°

With only 34 injection elements_ the flowrate per element was the highest tested but
performance was quite lowo The injector pressure drops with S/N 015 were low (_lO0

psi) and chugging was encountered in one test° High frequency combustion instability

occurred during the third test and is described in detail in Section IIIgE. Serial

Number O15 was the only 34=element gas generator assembly tested_

One test was conducted with S/N 017 gas generator assembly using an

acoustical liner° Low a_plitude combustion oscillations occurred° The injection

element had a blunt tip on the injector face side and several of the 68 element tips

eroded (see Figure No_ 10) from the inside of the oxidizer counterbore outward° The

blunt tip could have eroded because of the flame holding effect or because the tip

could no longer adequately conduct heat away from the element to the cryogenic in_

jected propellant° The injector was reworked by enlarging the inside diameter of

the element tip by counterboring the element to reduce the blunt tip effect°

Reworked injector S/_ OI7A was tested three times and low frequency com-

bustion instability was _ncountered during all tests° Although further element tip

erosion did not occur_ chugging characteristics of the reworked elements were more

predominate° Tests of both assemblies were conducted at the same test stand° The

possible influence of lower oxidizer injection velocity upon chugging is discussed
in Section III_E_ Further development effort with this assembly was discontinued°

Six tests at 750 psia nominal chamber pressure were successfully con=

ducted using S/N 0_ gas generator assembly with injector baffles° Based upon the

initial chugging of S/N 015 gas generator assembly_ it was assumed that higher oxi_
dizer injector pressure drop was required for _/N Ol_ injection element to avoid

this chugging° Therefore_ the oxidizer injection element hardening insert (see
Figure Noo 8)owas installed and tack welded to the oxidizer element tip to increase

oxidizer injection _Po Relatively high oxidizer injection velocity was achieved
because of the location of the insert° The normal oombustion noise level of S/N O18

was lower (+ 1_2% of mean PcGG) than they encountered during testing of all the

coaxial injector gas generator assemblies° This occurred either because of the

proximity of the oxldiz,r_P to the combustion fla_e front detuning injection coup°°

ling from Combustion feedback or the low injection velocity ratio° Injector baffles

were used to prevent transverse high frequency combustion instability° Combustion

gas temperature distributed just downstream of the _S generator was less favorable

than for S/N 022° Although excellent stability and acceptable gas temperature dis_

tribution was demonstr@tedbyS/N 018 gas _erat,r assembly_ progressive nibbling
(erosion) occurred on the protruding insert _i_ Csee Figure No_ 12)o None of th_

inserts were lost during the si_ _ests but th_ _Ibility existed that if an insert

was dislodged during a turbopump develol_t t@_to oxtenslve damage could be done to

the turbine blades° Although the nibblin_ cool, have been eliminated by redesigning
the S/N 018 oxidizer injection element_ wh_ _/NO2_ _as generator assembly was

_ge _5



adequately demonstrated, no further effort was expended with S/N 018o No attempts

were made to test S/N 018 at high chamber pressures (1145 psia)o

Serial No° 020 gas generator assembly had 132 injection elements° All

injector patterns from gas generator assemblies S/N 015 through 020 were designed
before the decision was made to use baffles° The lack of adequate free paths on the

S/N 020 injector pattern prevented the use of baffles° An acoustical liner was dew

signed and installed to prevent first tangential combustion instability frequency°

Combustion instability in the second tangential mode occurred during the start tran®

sient and is discussed in Section III_Eo When S/N 022 was successfully tested9 no

further effort was expended to develop S/N 020°

Serial Noo 022 gas generator assembly was designed for the purpose of

incorporating all the 'latest information available from current technological studies

and M=l gas generator assembly test results to provide a stable high performance gas

generator for M=l oxidizer and fuel turbopump assembly development tests° Stable

combustion_ high combustion efficiency, and reasonably uniform combustion gas tem-

perature distribution were adequately demonstrated during all gas generator develop-

ment tests (see Figure No° 19)o However, chugging occurred during the turbopump

development tests° Chugging is discussed further in Section IIIgEo

Serial No° 025 and 026 were fabricated as backup hardware for S/N 022

gas generator assembly° Combustion performance characteristics were similar to those

of S/N 022°

Mean combustion gas temperature data agreed very closely with the theo_

retical combustion flame temperature calculated from chemical equilibrium composition

considerations (see Figure No° 18)o The temperature was measured at a location lO

ft from the injector face immediately upstream of the flow nozzle° The data were

not corrected for heat loss to the gas duct_ which consisted of 100_ino in length

of 8=ino schedule 80 corrosion resistant steels No difference was noted in the

effect of chamber pressure upon exit temperature° Throughout the range of gas

generator mixture ratios tested_ the combustion gas mixture is oxidizer lean to the
extent that the reaction is driven to completion even at low chamber pressures° Oxi_

dizer and free radical species, other than water and hydrogen, were negligible°

A radial thermocouple rake was located 2 ft from the injector face° The

distribution of temperatures are tabulated in Figure Noo 20 for typical tests with

S/N 018 and 022 gas generator assemblies° Temperature variations still exist locally

at this axial length breathe maximum recorded temperatures are cooled sufficiently to

preclude hardware erosion downstream of this point°

Typical gas temperatures for S/N 022 are plotted in Figure Noo 21 against

radial distance from the chamber axis irrespective of the thermocouple angular ori_

entation to the oxidizer and fuel inlets° Because of the abundance of film cooling

around the pentagonal injector baffle hub (see Figure No° 14) and the absence of oxi_

dizer at the axis of the injector, relatively cool gases existed along the chamber
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Typical Gas Generator Assembly Exit Tempe!rature Distribution
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axis° Gases near the chamber wall were also cooler because of the chamber wall film

cooling°

Approximately 7=1/2% chamber fuel film cooling was used for S/N 022 gas

generator assembly° The c_ber fuel film cooling was designed using a modified

Hatch and Pappel Equation° _j Variation of chamber film temperature along chamber

axial length at variable mixture ratios is shown for some typical tests in Figure

No° 15_ All temperatures were recorded approximately 1/8_in_ away from the chamber

wallo

An interesting temperature distribution phenomena was noted during both

the oxid_.zer and fuel turbopump development tests with gas generator drives In

these tests_ turbine gas flow was tapped off approximately at a right angle to the

gas flow from the gas generator outlet_ The remaining gases were restricted down_

stream by the bypass orifice shown schematically in Figure No° 22° The oxidizer

turbopump test facility was similar to that shown in Figure No° 22 except that

approximately lO ft of gas duct separated the point of the tap-off on the pentapus

to the inlet of the turbine where the mean gas temperature was recorded_

During both turbopump test series_ the mean turbine inlet temperature

for a given gas generator mixture ratio was lO0 to 300°F lower than the experimental

data previously shown in Figure No° 18 for tests without turbopumpso To divert the

gas flow in a right angle to the turbine_ the bypass flow restrictor downstream must

create a sufficient pressure gradient within the pentapus to change the direction of

flow from the turbine gases° Because of the presence of the gas generator stabi=

lizer nozzle_ the Mach Number at the split-off point in the pentapus was subsonic

but yet not negligible° Figures No° 20 and Noo 21 show that complete thermal equil_
ibrium is not achieved at a location 2 ft from the injector face° Therefore_ on the

average_ the water molecules were at higher temperatures than the average hydrogen

molecules_ Thus9 when an identical pressure gradient was exerted against both higher

density_ higher temperature water gas and lower density9 lower temperature hydrogen

gas_ the lower momentum hydrogen was relatively easier to divert towards the turbine°.

Furthermore_ the lower the percentage of turbine flowrate_ the lower the average

turbine inlet temperature was relative to its corresponding average combustion tem=

peratureo

Turbine inlet temperature thermocouples for fuel turbopump testing were

recorded immediately upstream of the turbine inlet restrictor shown in Figure Noo

22° The gas temperature measured near the top of the duct (low momentum_ short flow

radius of curvature) indicated only 200°F_ whereas gas temperature near the bottom

of the duct (high momentum9 long flow radius of curvature) indicated approximately

850°F_ thus substantiating the mathematical analysis° Average over=all combustion

('4)Hatch_ W. E_ and Papell9 So So_ Use of a Theoretical Flow Model to Correlate

Data for Film Cooling or Heating and Adiabatic Wall b_Tangential,Injection of

Gases of Different Fluid Pro__NASA TN D=130_ 1959o
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gas temperature9 based upon the 0°78 gas generator mixture ratio for this test9
should have been approximately 950°F_ As a consequence9the effective turbine flow
mixture ratio and gas temperature were lower than the average gas generator mixture
ratio and gas temperature° Conversely_ the bypass gas properties corresponded to a
higher mixture ratio and gas temperature than that actually achieved with the gas
generator_ This point should be considered when designing the engine hot gas bypass
lines if a _'momentumseparator" effect is not desired° To preclude this occurrence_
the bypass tap=off point can be movedup to the sameaxial location and diversion
angle as the turbine flow lineo

Ee HIGH FREQUENCY AND IDW FREQUENCY COMBUSTION STABILITY

OF M_l GAS GENERATOR ASSEMBLIES

Combustion instability considerations occur within two basic categories_

high frequency combustion instability and low frequency combustion instabilitys

Briefly_ high frequency combustion instability (screeching) occurs when periodic

chamber pressure oscillations take place without a perceptible change in propellant

injection flowrateso Low frequency combustion instability (chugging) occurs when

one or both propellant manifold pressures incur periodic oscillations_ usually 180

degrees out-of=phase with chamber pressure_ resulting in oscillatory injection flow=

rates as well as oscillatory chamber pressures Both types of combustion instability

were experienced by various M_l gas generators°

High frequency combustion instability is attributed to organized com=

bustion reaction rates associated with combustion chamber acoustic resonance fre=

quenciess The occurrence of screeching has long been a recognized problem in rocket

injector designs_ Because screeching is associated with injector _d chamber

acoustic resonance frequencies_ very small rocket injectors having acoustic reso_

nance frequencies too hill to support organized combustion reaction rates do not

encounter the screeching problem° All large rocket injectors have a potential

screeching problem° A partial and accepted solution to the screeching problem has

been to install baffles in the injector combustion zone so that the resonance fre_

quency within each baffle compartment is too high to permit screeching and a stan=

ding resonance within the over=all injector is dispersed° However9 'baffles are

effective against transverse modes of high frequency combustion instability only and

do not provide p_otection against longitudinal instabilities_ Usually9 gas gener_

ator designs do not have sufficiently large injector diameters to support transverse

instability modes_ therefore9 baffles are not required° However_ this was not true

for the M_l gas generator primarily because of its large size and high flow rates

Four instances of high frequency combustion instability were encoun=

tered during the Mol gas generator development programs Two tests with unbaffled

multi=orifice :injectors encountered the first tangential instability mode° One

unbaffled coaxial injector also experienced first tangential instability° During

the fourth test9 second tangential instability was encountered with a coaxial in=

jector having a chamber without baffles but with an acoustical liner designed to

suppress first tangential iustabilityo Descriptions and analyses for transverse
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instability modeshave been given by Reardon(5)o

Oneof the more popu_ theories of high frequency combustion instability
is the Sensitive Time lag Theory_o An estimate of the M=l gas generator assembly
combustion instability zones based upon this theory is shownin Figure Noo 23° The
sensitive time lag (_U) is used to determine the possible frequencies at which coma
bustion instability might occur and the interaction index (n) is used to determine
the probability of combustion instabilityo For any given sensitive time lag_ if the
test operating point lies beneath the _laded zones of the corresponding instability
modes_combustion is expected to be stable_ however_ if the operating point lies
above the shaded zone_ high frequency combustion instability is predicted° On the
development test stand where all four unstable gas generator tests occurred, the
sonic nozzle was lO ft from the injector face (see Figure Noo 16)o The sixteenth
longitudinal modefor this test configuration and the first tangential modeof high
frequency combustion instability have approximatelythe samesensitive time lag and
the sameinstability frequency° However_the interaction index of the first tangen-
tial mode(for unbaffled injectors) is lower and according to the best estimates_
indicates the greater probability of its occurrence than the sixbeenth longitudinal
mode. This is particularly significant in t_e interwretation of stability data for
S/N O18and 022 gas generator assemb!ieso It is also worth noting that the interactio_
index of the higher harmonics of longitudinal modesare successively higher°

An analytical investigation of liquid oxygen droplet vaporization rates
as a possible mechaniGmfor high frequency combustion instability was conducted by
Wieber of NASA/LeRC(7)oThe particular propellant combination investigated was
liquid oxygen/heptane but the assumptions madein the analysis for liquid oxygen
vaporization rates appear equally applicable to liquid oxygen vaporization in the
M=l gas generator assembly° Although the gas generator meancombustion gas tem_
perature is only 1000°F_ the assumedcombustion temperature (5000°R) in the local
stoichiometric reaction zone where the liquid oxygen would vaporize is valid° To
summarize9the results of this analysis indicates it is possible to heat liquid
oxygen droplets to their critical temperature with little vaporization of massfor
high chamberpressure rocket ±njectors_ Whenthe critical temperature is reached_
any additional heating of the droplet results in a rapid vaporization rate (flashes)
which releases considerable gaseous oxygen for combustion in a very short time° It
is hypothesized that this may'be the mec_.anism for high frequency combustion insta_

bilityo What is even more signJ,ficant is that Mro Wieber calculated that the liquid

oxygen droplet heating time to its critical temperature was approximately Oo12

millisec for a wide range of droplet sizes° The 0o12 millisec figure corresponds

almost exactly to the required sensitive time lag for the M_.l gas generator assembly

first tangential instability mode frequency indicated in Figure No_ 23° It is yet

(5)Reardon9 Fo H._ Invest i_tion of Transverse Mode Combustion Instability in Liquid

Pr___ellant Rocket Motors_ Princeton University_ 1961

(6)Crocco_ Lo and Cheng9 So I._ Theo_ of Combustion Instability in Liquid Propellant

Rocket Motors9 Butter_orth_s Scientific Publication_9 London_ 1956

(7)Wieber9 Pc Ro_ "Calculated Temperature Histories of Vaporizing Droplets to the

Critical Point_ _ AIAA Jouz_all_ December 1963
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to be ascertained as to whether liquid oxygen vaporization rates can be used to
adequately explain the occurrence of high frequency combustion instability or if the
excellent agreement with the sensitive time lag theory is coincidence° If coinci=
dence_ no serious discrepancies could be found between the analytical assumptions
and gas generator combustion conditions°

Initial multi-orifice gas generator assembly designs (Figures Noo 3 and
No. 4) utilized symmetrical four-legged injector baffles° However_the use of
baffles did not permit umiform utilization of the available injector face area for

injection orifices. Deep face erosion occurred because of combustion gas recircul=

ation in the void injection areas_ therefore_ unbaffled injectors were tested during

an interim period. It was during this testing of unbaffled injectors that first

tangential combustion instability occurred in three tests° When it was firmly

established that high frequency combustion instability was a problem_ two types of

stability aids were designed for existing injectors_ baffles and acoustical liners_

To install baffles within the existing injector patterns9 the fiveoolegged spider

baffle was designed for S/N 01.79 OITA_ and O18 (Figures No. i0_ No. iI_ and Noo 12).

In addition to baffles_ some design and development effort was expended on acoustical

liners as stability aids°

Ba_qally 9 the acoustical liner operates on the theory of the Helmholtz

type resonatorh U_ The gas cavity in the annulus between gas generator chamber wall
and liner must locally resonate at the same frequency as the combustion instability

frequency° When this occurs_ the resistance of the apertures in the liner wall

should absorb sufficient energy generated by the combustion instability to decrease

the feedback gain and prevent combustion instability from occurring° The serious

drawback of using acoustical liners is that they are effective only near the design

resonance frequency° The liner resonance frequency is affected by the local gas

properties behind the liner wall as well as the liner configuration° If the liner

cavity gas properties are known9 the acoustical liner can be designed to suppress a

given resonance design frequency. This means liners are effective if_ for a given

rocket injector9 only one predominant mode of high frequency combustion instability

is expected to occur°

Serial No. 020 gas generator assembly had 132 injection elements° The

oxidizer injection element was recessed 1/4=ino back from the injector face° The

recessed cup design was based upon J_,2 coaxial injection element data which appeared

to be more stable than the Comparable flush cup design_ Because of the numerous

injection elements_ there was inadequate spacing between elements on the existing

injector pattern (Figure Noo 13) for the installation of baffles° Therefore_ an

acoustical liner design was used to suppress instability° Serial No. O04A_ 007_ and

O15 gas generator assemblies had all previously encountered first tangential insta_

bilities (approximately 4000 to 4500 cps_ depending upon the mixture ratio)° At

(8)Ingard_ Uo_ "On the Theory and Design of Acoustic Resonators_" The Journal of the

Acoustical Societz of America_ November 1953o
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that time, it seemed logical to design the liner of S/N 020 to prevent first tangen_

tial instability. This liner was designed and fabricated at Aerojet®General by

scaling and extrapolating the design plots supplied by NASA/LeRC. These plots were

based upon a Pratt and Whitney computer model used to assist in acoustical liner

design predictions.

The acoustical liner was tested with S/N 020 gas generator assembly and

the second tangential mode of high frequency combustion instability occurred during

Test Noo 1.2-04-EHG-Ollo It was the first instance of this mode of instability in

an M-I gas generator assembly.

Because the acoustical liner for S/N 020 gas generator assembly was de=

signed to damp only the first tangential instability mode, this test could not be

used as the basis for determining whether the acoustical liner had served its purpose.

The acoustical liner could have provided sufficient damping to prohibit the first

tangential instability mode and, as a consequence_ the combustion instability fre-

quency could have been shifted to its next higher tangential mode. The possibility

also exists that stability was affected because the number of coaxial elements per

injector was increased and the thrust per element was decreased or because the oxi-
dizer ele_ent was recessed° The finer injection grid may have improved propellant

mixing sufficiently to decrease the combustion sensitive time lag, or the recessed

oxidizer cup may have increased the propellant mixing time before the propellant

reached the combustion zone, thus decreasing the sensitive time lag. If this

occurred, the combustion sensitive time lag could have been decreased sufficiently

to cause S/N 020 gas generator assembly to be inherently unstable only at the second

tangential instability mode rather than at the first tangential modes Because S/N

020 gas generator assembly was net tested again without an acoustical liner to de-

termine which tangential modes were predominant, no conclusions about stability

could be made concerning the effectiveness of the liner. It was beyond the scope

of the M-1 gas generator development program to investigate combustion instability

from a basic research standpoint or to expend further effort on the development of

acoustical liners_

The first three unstable gas generator assembly tests with unbaffled

injectors that encountered first tangential instability_occurred from October 1963

through April 1964o The only recognized influence on liquid oxygen and liquidhy-

drogen high frequency combustion instability previous to this had been the effect

of hydrogen temperature on stability. It had been noted that high frequency com-

bustion instability was more likely to occur at colder hydrogen injection tempera-

tures. One method for quantitatively determining the screech margin of an injector

had been to test with successively colder hydrogen injection temperatures until

screeching occurred spontaneously, assuming that all other variables (P _ MoR._ _t'

etco) were kept constant. This empirical observation was not useful toCthe M-1

gas generator development program because the M-1 engine was being designed for

deep space applications and the gas generator assembly had to be designed to operate

with cold hydrogen for engine operation. However, in mid-1964 it was disclosed that

liquid oxygen/liquid hydrogen injector research being performed at NASA/LeRC with

coaxial injection elements indicated a possible injection velocity ratio (Vf/V o)
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effect upon high frequency combustion instability° Whenthis information was re_
ceived at Aerojet-General_ the velocity ratio characteristics of the three unstable
gas generator tests were re-analyzedo A discussion of as well as the conclusions
from this analysis follows_

In a typical start transient9 the test is always started with a fuel
lead to control the start transient temperature spike° Propellant tank pressures
are fully pressurized for steady_state operation prior to the test° Until ignition
occurs in the chamber_a high_P exists between tank pressures and chamberpressure
resulting in high flowrates through the propellant valves until the injector mani-
folds are filled and chamber ignition occurs. The effect of the fuel lead just prior
to main chamberignition can be seen by examining PfJGG_PoJGG9and PcGGshownin
Figure No° 24° The injector manifolds are at ambient temperature prior to the test°
The temperature of the feed facility propellant lines are chilled downonly to the
area of the gas generator valves prior to the test° Therefore_ whenthe gas gen-
erator fuel valve is initially opened_chilling of the injector manifolds to cryo_
genic temperatures begins° The initially_injected hydrogen zs heated by the in n
jector heat capacity and has very low density° Whenthe oxidizer valve is opened9
the high A P that exists between the oxidizer tank pressure and the chamberpressure
causes a rush of liquid oxygen flow through the gas generator oxidizer valve°
Approximately lO0 ft of facility propellant lines exist between the feed tanks and
gas generator assembly° Evenafter the liquid oxygen injector manifold is filled_
the facility line pressure surges continue flowing liquid oxygen at a high flowrate
through the injector because of the high liquid oxygen density and long lines (con-
siderable line momentum)° Whenthe liquid oxygen injector manifold volume fills_ a
sharp rise in chamberpressure occurs° The fuel facility line surges are almost non_
existent at the time of gas generator ignition_ partly because of the earlier fuel
valve opening but mainly because of the lower hydrogen density (compared to liquid
oxygen)° The fuel injector manifold has been chilling throughout the above time
interval and the hydrogen injection temperature has been decreasing° Whenthe main
chamberpressure rise occurs_ the fuel _P across the injector is abruptly decreased,
because of the higher chamberpressure_ and fuel injection flowrate is decreased°
This was the critical stage in the M_l gas generator start transient concerning high
frequency combustion instability° A higher than steady_state oxidizer flowrate exists
shortly after ignition because of the feed line momentum(liquid oxygen "water=
hammer") effect which creates oxidizer injection velocities higher than during
steady_state combustion° The fuel flowrat_at the sametime is abruptly lessened
because of the decrease in fuel injector LAP caused by rising chamber pressure°

Simultaneously with the change in injector flowrates (increasing _ and decreasingO

_f)_ the fuel injector continueschilling to the steady=state temperature which re=
sults in increased fuel injection density° As the fuel injection density increases9

the fuel injection velocity decreases° Therefore_ at some time shortly after gas

generator ignition9 the injection velocity ratio reaches a minimum value (consid-

erably lower than steady_state injection velocity ratio)'before returning to its

steady_state value° All combustion instabilities analyzed were initiated during

this period°
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Figure 24

Injector M_nifold and Gas Generator ChamberPressure Versus
Time for Test No. 1.2-03-_G-003 with Serial Rumber007

_lti-Orifice Gas Generator Asse_ly (Over-all Test)
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Five successful tests with a cumulative componenttest duration in excess
of 17 sec were conducted with S/N 007 multi=orifice gas generator assembly° During
Test Noo lo2=03=EHG_O03_the first tangential modeof high frequency combustion in_
stability occurred_ This combustion instability frequency was 4450 CpSo

In Test No° lo2_03_EHG=O03_screeching was spontaneously initiated at
FS + 0_664 sec_ At the time instability started_ the injection velocity ratio was
2o_ and was still decreasing° Fuel injector manifold temperature at the start of
instability was 59°Ro The testwas allowed to continue despite the instability°
Analysis of the data indicated that erosion of the oxidizer injector faceplates
began at approximately FS1 + lol sec and they continued eroding until approximately
FS1 + 1_6 SeCo However_at FS1 + 1o34 sec_ all traces of screeching were spon=
taneously suppressed° It was calculated that at this time the :injection velocity
ratio was approximately 9°4 and the fuel i_jection temperature was 50°R_ The in_
jection velocity ratio was calculated based upon known propellant flowrates and in_
jector pressure drops° The fuel faceplates were not eroded through at the end of
the test_ therefore_ the fuel injection velocity was calculable°

The oxidizer injection velocity was calculated based upon the area of
oxidizer faceplate that was eroded through at 1_34 sec_ The latter was estimated
by noting the progressive change in oxidizer injector pressure drop resistance
during the test and noting the injection area available after the test° It is pos=
sible that the eroded oxidizer faceplate altered the liquid oxygen atomization char_
acteristics and the latter suppressed the instability rather than the high injection
velocity ratio_ however_ other examples will be given°

Serial No° 015 coaxial gas generator assembly encountered its first tan=
gential high frequency combustion instability during Test Noo 1_2_,03_HG_006°
Screeching frequency was 4500 cps. The test sequence mechanics were identical to
those previously explained in detail for S/N 007 gas generator assembly° A pressure
plot of the over_all test is given in Figure Noo 25° A detailed plot of injector
manifold pressures_ injection velocities_ chamberpressure9 and velocity ratio for
the 15 millisec interval prior to the spontaneous start of combustion instability
is shownin Figure Noo 26° The injection velocity ratio at the start of instability
was 3°4 at FS_ + 0°5995 sec° Fuel injection temperature wa_ 60°R at the start of
instability_ _Figure No° 27 shows the samepressure and injection velocity parameters
as Figure No_ 26 except that the details are given for the 2 millisec time interval
around the spontaneous suppression of high frequency combustion instability with
coaxial gas generator S/N 015_

Because of a high amplitude pressure surge in PoJGG_the oxidizer manioc
fold pressure dropped below PcGGfor an interval of one-half millisec at FS1 + 0_669
seco It is assumedthat the oxidizer flowrate momentarily ceased during the corres_
ponding time interval° Thus_ oxidize_ injection velocity was zero _Id the injection
velocity ratio was momentarily infinite° At FS1 + 0o6691 sec_ all trace of combustion
instability was spontaneously and sharply terminatedo Shortly thereafter9 normal
combustion resumedat a steady=,state injection velocity ratio approximately equal to
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Figure 25

Injector _nifold and Gas Generator ChamberPressure Versus
Time for Test No. 1.2-03-_HG-006 with Serial NumberO15

Coaxial Gas Generator Assembly (Over-all Test)
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